Carbon fiber (CF), known also as graphite fiber, is a lightweight, strong, and flexible material used in both structural (load-bearing) and non-structural applications (e.g., thermal insulation). The high cost of precursors (the starting material used to make CF, which comes predominately from fossil sources) and manufacturing have kept CF a niche market with applications limited mostly to high-performance structural materials (e.g., aerospace). Alternative precursors to reduce CF cost and dependence on fossil sources have been investigated over the years, including biomass-derived precursors such as rayon, lignin, glycerol, and lignocellulosic sugars.
Executive Summary
Carbon fiber (CF), known also as graphite fiber, is a lightweight, strong, and flexible material used in both structural (load-bearing) and non-structural applications (e.g., thermal insulation). The high cost of precursors (the starting material used to make CF, which comes predominately from fossil sources) and manufacturing have kept CF a niche market with applications limited mostly to high-performance structural materials (e.g., aerospace). Alternative precursors to reduce CF cost and dependence on fossil sources have been investigated over the years, including biomass-derived precursors such as rayon, lignin, glycerol, and lignocellulosic sugars.
The purpose of this study is to provide a comprehensive overview of CF precursors from biomass and their market potential. We examine the potential CF production from these precursors, the state of technology and applications, and the production cost (when data are available). We discuss their advantages and limitations. We also discuss the physical properties of biomass-based CF, and we compare them to those of polyacrylonitrile (PAN)-based CF. We also discuss manufacturing and end-product considerations for bio-based CF, as well as considerations for plant siting and biomass feedstock logistics, feedstock competition, and risk mitigation strategies. The main contribution of this study is that it provides detailed technical and market information about each bio-based CF precursor in one document while other studies focus on one precursor at a time or a particular topic (e.g., processing). Thus, this publication allows for a comprehensive view of the CF potential from all biomass sources and serves as a reference for both novice and experienced professionals interested in CF production from alternative sources.
Our examination of the pathways, technology maturity, opportunities, and barriers for biomassbased CF in the United States leads to the following findings:
• At this time, no biomass-based CF has been developed with the necessary structural properties to be used in the major CF applications (e.g., aerospace, wind, and automotive).
• The physical properties (primarily tensile strength, as well as others) determine the proper application or utilization of the various types of CF that can be developed from biomass sources.
• Rayon-based CF has a limited market share. It is used primarily in insulating and ablative applications because the strength of this type of CF is lower than that required for structural applications.
• Lignin-based CF is currently in the research and development (R&D) phase. Based on current experimental efforts, the modulus and strength of lignin-based CF are too low to meet structural applications requirements, and thus current research is focused on nonstructural applications such as insulation.
• Glycerol is inexpensive and widely available, but the production of acrylonitrile (ACN) via direct ammoxidation from this resource has been found to be uneconomical at this time; it is about 67% more expensive than propane-based ammoxidation. Other 
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Introduction
Carbon fiber (CF), known also as graphite fiber, is a lightweight, strong, and flexible material used in both structural (load-bearing) and non-structural applications (e.g., thermal insulation).
The most common CF precursor-the starting material used to make CF-is polyacrylonitrile (PAN), and it accounts for about 90% of CF production today. Acrylonitrile (ACN) is a global commodity that is used to produce PAN. About 55% of ACN manufacturing is in Asia, 15% in North America, and 10% in Western Europe (Yang Qin 2015) . Other precursors in use are rayon (regenerated cellulose), pitch (derived from petroleum or coal tar), and more recently, polyolefins (e.g., polyethylene and polypropylene). A map of CF manufacturing facilities is shown in Figure 1 . Key manufacturing locations include the United States, Western Europe, China, and Japan. Precursors, namely PAN, account for about 51% of the manufacturing cost of CF, and their high price is one of the barriers to their widespread use (Warren 2014; RMI 2015; DOE 2013) . Figure 2 shows a simplified CF manufacturing cost breakdown. 
Carbon Fiber Manufacturing Cost Breakdown
The current methods for manufacturing CF are slow and energy-intensive, and they thus contribute to the high cost of CF production. The high cost of precursors and manufacturing keep CF a niche market with applications limited to high-performance structural materials (e.g., aerospace). Advanced manufacturing technologies that use less energy are under exploration (e.g., microwave or plasma) (Brosius 2014) . In addition, alternative precursors to reduce CF cost and dependence on fossil feedstock have been investigated over the years. These include biomass-derived precursors such as lignin, glycerol, and lignocellulosic sugars. Research on other fossil-based but lower-cost alternative precursors such as textile PAN and polyolefin is also ongoing, but this analysis is focused on biomass-based precursors. Although the preparation of each precursor (derived from either fossil sources or biomass) is different, they all follow similar processing steps for CF production, as illustrated in Figure 3 . The purpose of this study is to provide a comprehensive overview of the CF precursors from biomass and their market potential. Biomass-based precursors have been studied by national laboratories, universities, and others because they have the potential to substantially lower precursor costs for CF manufacturing. They also have the potential to lower other cost categories, including utility or capital equipment costs; however, this analysis is focused primarily on precursors. We examine the potential CF production from these precursors, the state of technology and applications, and production cost (when data are available) and we discuss their advantages and limitations. We also provide a discussion on the physical properties of biomass-based CF and compare them to those of PAN-based CF, manufacturing, and end-product considerations for bio-based CF, as well as considerations for plant siting and biomass feedstock logistics, feedstock competition, and risk mitigation strategies. The main contribution of this study is that it is the first to provide detailed technical and market information about each bio-based CF precursor in one document while other studies focus on one precursor at a time and/or a particular topic (e.g., processing). This allows for a comprehensive view of the CF potential from all biomass sources and serves as a valuable reference for both novice and experienced professionals interested in CF production from alternative sources.
Carbon Fiber from Biomass Sources Cellulosic Precursors
Cellulosic fibers are well-established precursors for CF production; the first CF introduced to the market in the 1960s was produced from rayon, which is made from natural, cellulose-based material (e.g., wood pulp, cotton linters, leaves, and the inner pith of bamboo plants) that is chemically processed to produce semi-synthetic fibers (ACS 2003) . Types of rayon include viscose, modal, and lyocell (commonly sold under the brand name TENCEL made by Lenzing Group, Austria); each is produced via different process and characterized by different properties.
Today, PAN-based CF has replaced rayon-based CF in most applications because it is superior in several respects, especially tensile strength (ACS 2003) . Also, despite having a lower raw material cost, a low char yield (20%-25%) after carbonization results in a higher overall cost of rayon-based CF (Walsh 2001) . Walsh (2001) suggests that these properties can be improved by stress graphitization at high temperatures, but this increases cost further, making the fiber even less desirable. While CF from rayon is not used in structural applications, it is still used in the rocket and missile industry for ablative applications, such as reentry vehicle nosetips, heat shields, and solid rocket motor (SRM) nozzles and exit cones (Traceski 1999) . Rayon-based CF can withstand the high temperature and erosive gases of SRM operation and the high temperatures generated by aerodynamic heating on missile reentry systems (Traceski 1999) .
Rayon-based CF has limited commercial production (about 1%-2% of the total CF production) due to low demand. The RUE-SPA-Khimvolokno in Belarus is the main rayon-based CF producer in the world (Dumanli and Windle 2012) . Rayon fibers are not produced in the United States, but they are of interest to the U.S. Department of Defense due to their superior ablation performance described above and as a domestically produced material (Bhat et al. 2013) . Ongoing research on CF from rayon at the University of Tennessee uses experimental rayon fibers from Advanced Cerametrics in Lambertville, New Jersey as well as commercial rayon fibers from Lenzing Group (Bhat et al. 2013 ).
Rayon-based CF is produced similarly to PAN-based CF, and the production consists of three main stages: stabilization of the precursor (low temperature oxidation), carbonization (longitudinal orientation and development of the crystalline ordering), and graphitization (optional for high modulus). Natural fibers such as cotton and ramie have not been favored for CF production because of their discontinuous filament structure and low degree of orientation, as well as impurities associated with their complex structure (Dumanli and Windle 2012) . However, advanced processing technologies and a search for renewable sources may open new opportunities for natural fibers as alternative CF precursors in the future.
Lignin
Lignin is the second-most abundant natural polymer (after cellulose) that provides structural support in plants and algae. It is a byproduct of the pulp and paper industry as well as cellulosic ethanol production, and it is often burned onsite to provide steam for heat and power generation. Other than being an inexpensive fuel, lignin is considered a promising precursor for CF and other carbonaceous materials that offer a higher-value market for this product.
Sources of lignin include the four commercial and non-commercial processes briefly described below. Additional information on lignin sources and manufacturing is provided in Appendix A.
1. Sulfite pulping is a chemical pulping process that has largely been displaced by alkaline (kraft) pulping. Lignosulfonates, or sulfonated lignin, are isolated from spent sulfite-pulping liquids (red or brown liquor). Lignosulfonates are water-soluble and the most important commercial source of lignin. They are used as dispersants, binders, complexing agents, and emulsifying agents (Lignoworks 2015) . Today, Borregaard LignoTech, a Borregaard business unit, is the world's largest producer of lignosulfonates (Dahlquist 2013).
2. Kraft (sulfate) pulping is the most widely used chemical pulping process in the world. It employs a combination of high temperature and alkaline chemicals to separate lignin from the cellulose fibers needed for papermaking. The extracted liquid, known as black liquor, contains lignin, hemicellulose, inorganic compounds, and spent cooking chemicals. Lignin is recovered from black liquor through several processes (see Appendix A). Several companies (e.g., MeadWestvaco and Metso) isolate kraft lignin for sale as an industrial product. This lignin is used in niche applications such as dispersants for dyes and pesticides (Lignoworks 2015) . Other applications include the use of lignin as a renewable replacement for certain glue components used in the manufacture of plywood and engineered wood products such as laminated veneer lumber and oriented strand board (Tuck and Hunter 2015) .
3. Organosolv pulping, also called solvent pulping, is a process that uses organic solvents (e.g., methanol, ethanol, butanol, and acetic acid) as delignification agents. Solvent pulping offers a potential advantage to traditional kraft pulping in that it can produce sulfur-free lignin that is extracted at a much faster rate than is possible with the kraft process (IETD, n.d.). However, the high cost of solvents can be cost prohibitive (IETD, n.d.). Several solvent pulping technologies have been developed, but no commercial operations are using them. The Organosolv process has been considered as a pretreatment step in cellulosic ethanol production. Cellulosic ethanol is now being produced commercially in the United States, Europe, and Brazil. See Appendix A for more information.
4. Hydrotropic pulping is a process that uses concentrated aqueous solutions of hydrotropic agents (salts that, at high concentration, considerably improve the aqueous solubility of poorly soluble substances) at elevated temperatures (Gabov, Fardim, and da Silva Júnior 2014) . Unlike the lignin recovered through sulfite or kraft pulping, which uses contaminating inorganic chemicals, the lignin recovered through precipitation by hydrotropic pulping is relatively pure and is suitable for conversion to other chemical products (U.S. Congress 1989) . However, the hydrotropic process is unsuitable for softwood (e.g., pine, fir, and spruce), which is the primary reason it has received limited attention by the industry (U.S. Congress 1989) . Increasing demand for bio-based products may bring this process back into consideration, especially given recent efforts in growing woody crops such as poplar and willow for energy. See Appendix A for more information.
Potential CF production from lignin is estimated at about 148,000 tonnes per year (Table 1) . The global CF demand was estimated at about 65,000 tonnes in 2015, and it was projected to increase to 170,000 tonnes by 2025 (Black and Sloan 2015) . Therefore, the estimated ligninbased CF production potential could meet a substantial portion of the projected 2025 demand; however, as discussed in detail below, the lignin-based CF does not offer the same quality or strength as petroleum-based CF for structural applications. The estimated CF quantity comes from commercial kraft and Organosolv processes because they produce relatively pure (i.e., low ash content, no sulfur) lignin, which is important for CF manufacturing. Hydrotropic lignin has been demonstrated to be of very high quality and thus suitable for CF production as well, but there is no commercial production today. The high sulfur content of lignosulfonates prevents the use of lignin in CF production, as a fuel additive, and in other applications. The low-quality kraft lignin (not to be confused with the high-quality commercial kraft lignin) production is estimated at about 50 million tonnes annually, but much of this amount is not isolated and is burned as a fuel onsite Smolarski 2012) . This is a relatively low-value use of lignin.
Assuming a heating value of about 8,000 British thermal units (Btu) per pound of lignin and a market value of $3-$10 per million Btu, the market value equates to about $0.02 to $0.08 per pound of lignin. Using lignin for CF production would provide much higher added value, for comparison purposes the market value of petroleum derived ACN is approximately $1 per pound and CF is $5-$10 per pound for industrial grades. As interest in alternative uses of lignin grows and lignin-recovery processes further commercialize, more high-purity lignin is expected to be available on the market, and the potential for CF production from this precursor will thus be higher. Conversion of lignin to CF assumes that about two tonnes of lignin are needed to produce one tonne of CF via melt spinning (Axegard, Tomani, and Hansson 2013) .
Lignin is the most-studied biogenic CF precursor, with more than 50 years of research and significant investments. Lignin-based CF offers a potentially compelling manufacturing cost advantage over current technologies, costs estimates at commercial scale are about $4/lb-$6/lb versus $10/lb for petroleum-based CF (in 2010 dollars) (ORNL 2011; RMI 2015) . Conventional PAN precursor costs are $4/lb-$5/lb, and lignin costs are $0.25/lb-$0.70/lb (Warren 2011; GrafTech 2015) . This large reduction in precursor costs accounts for the majority of potential manufacturing cost savings. However, potential savings in other areas of the process have also been investigated. A cost comparison is presented in Table 2 that illustrates other potential savings in the production and manufacturing process (Baker 2010) . CF production costs are difficult to generalize and the table above simply presents one highlevel example; costs can vary significantly by many other factors, such as scale of manufacturing, facility location, energy costs, and fiber quality. Das et al. (2016) presents a detailed analysis of CF manufacturing costs for 24-k tow CF for pressure vessels with an average cost of approximately $10.30 per pound. This is an example of a specific fiber whose cost could also potentially be reduced with a reduction in precursor or other costs if lignin could be used to make this fiber.
The lignin-to-CF pathway is not commercially available due to performance issues and manufacturing limitations. Various entities have been involved in lignin-based CF research, but most notable in the past 10 years are the efforts led by the Oak Ridge National Laboratory (ORNL) and Innventia, which both produce CF for test purposes. These entities work toward addressing commercialization challenges associated with manufacturing of lignin-based CF such as "melt processability (especially for softwood lignins); long heat treatment time (especially for hardwood lignins); variability in the feedstock; need for purification and fractionation; inability to reach targets for strength and stiffness of finished fiber; and unproven scale of operation" (DOE 2013, page 3) . These challenges are due to lignin's heterogeneous molecular weight, functionality, and thermal properties that vary with the source and isolation process of lignin (Chatterjee and Saito 2015) .
Glycerol
Glycerol (known also as glycerine or glycerin) is used in cosmetic, pharmaceutical, and food products, but it also has potential as a renewable source for production of chemicals. It can be used to produce ACN which can then be polymerized and spun into PAN and subsequently converted to CF. Two conversion processes of glycerol to ACN are described in the literature:
• Direct synthesis in gas or liquid phase, employing ammoxidation 2 in the former and microwave heating in the latter phase (Patent US20100048850 A1; Casilda, GuerreroPerez, and Banares 2009)
• Indirect synthesis via acrolein-glycerol is dehydrated to form acrolein, which is followed by ammoxidation of acrolein to ACN-or allyl alcohol; using iron oxide as a catalyst, glycerol can be converted to allyl alcohol through a dehydration and consecutive hydrogen transfer, followed by ammoxidation of allyl alcohol to ACN (Liu et al. 2010; Guillon et al. 2013) as intermediates.
In the past, glycerol was obtained primarily from petroleum via synthetic processes. However, over time, glycerol from plant and animal sources became readily available as a byproduct of several industrial processes such as biodiesel production, hydrolysis of fatty acids, and soap making. Today, biodiesel production is the largest source of glycerol, accounting for about 63% of the market in 2013 (Grand View Research 2014). Global glycerol demand was 2.2 million tonnes in 2013, and it is expected to reach 3.5 million tonnes by 2020 (Grand View Research 2014) . This demand is driven primarily by the food & beverage industry given the improving lifestyle in emerging economies and leading to increased consumption of processed and packed foods (Grand View Research 2014) . Approximately 575,000 tonnes of glycerol were produced in the United States in 2015 3 . Increased biodiesel production in recent years has resulted in an oversupply of glycerol for U.S. markets leading to low prices for crude glycerol of around $0.10/lb with higher prices for upgraded or refined glycerol (Schwab et al. 2016 ).
Despite resource abundance, there has been limited research of glycerol-to-ACN pathways. A study by Guerrero-Perez and Banares (2015) indicates that the ACN production from glycerol via direct ammoxidation is uneconomical at this time. The authors estimate that glycerol ammoxidation is about 67% more expensive than propane ammoxidation. While crude glycerol is relatively inexpensive, purification is needed for the ammoxidation process, which contributes to the higher raw material and investment costs (impurities include alcohol, water, and other organic compounds). Moreover, Guerrero-Perez and Banares (2015) indicate that the petrochemical route is more advantageous, not only in terms of raw material cost but also in terms of energy efficiency. The energy requirement to heat propane from 20°C to 480°C is 782 megajoule (MJ) per tonne while the energy requirement to evaporate and heat glycerol from 20°C to 400°C is 1,575 MJ/tonne. No economic analyses were found for other glycerol-to-ACN pathways, although Casilda, Guerrero-Perez, and Banares (2009) indicate that the microwave-assisted process may be cost-effective.
Lignocellulosic Sugars
Another pathway for production of ACN involves using biomass-derived sugars (e.g., glucose, fructose, and xylose) derived from the cellulose and hemicellulose fractions of biomass. Laboratory tests have shown that this pathway can lead to a direct replacement of conventional ACN with comparable mechanical properties (DOE 2013) . Considering this opportunity, the U.S. Department of Energy awarded two projects in 2014 that aim to advance the production of low-cost, high-performance CF from renewable, non-food-based biomass feedstocks (DOE 2014a).
• Southern Research Institute (SRI) of Birmingham, Alabama, will employ a multi-step catalytic process for conversion of sugars from non-food biomass to ACN.
• National Renewable Energy Laboratory (NREL) of Golden, Colorado, will investigate and optimize multiple biochemical pathways to ACN.
The goal of these research activities is to enable technologies that can produce biomass-based ACN at a modeled cost of $1.00/lb (the current cost of petroleum-derived ACN) or less, thereby making the overall manufacturing of CF less than or equal to $5.00/lb by 2020 suitable for vehicle structural components (Green Car Congress 2014).
The theoretical CF production potential from U.S. crop residues is estimated at about 15 million tonnes per year, according to Mary Biddy of NREL (pers. comm., February 2016), which is substantially more than the projected CF demand of 170,000 tonnes in 2025 (Black and Sloan 2015) . This production estimate considers a biochemical conversion pathway of harvesting residues from major crops (corn, wheat, grain sorghum, rice, barley, oats, sugarcane, and cotton); it amounts to about 125 million tonnes per year (Schwab et al. 2016) . Additional CF for future market growth could be produced if other lignocellulosic sources were considered in addition to crop residues such as dedicated energy crops (e.g., switchgrass, miscanthus, and short-rotation woody crops) and forest residues.
Carbon Fiber from Other Biogenic Sources
Another biogenic source that has been researched for ACN production is glutamic acid, which is available from a wide range of waste streams such as the dried distiller's grains and solubles of ethanol production from corn and wheat. Le Notre et al. (2011) report that the routes to convert glutamic acid to ACN are technically and economically feasible. The transformation involves a two-step procedure involving an oxidative decarboxylation in water to 3-cyanopropanoic acid followed by a decarbonylation-elimination reaction using a palladium catalyst (Le Notre et al. 2011) . Other studies to confirm these findings have not been published at this time.
Genetic modification of biomass has been mentioned as another route to CF production. This pathway involves (1) engineering plants to synthesize lignin or other natural polymers that could be converted to PAN-like materials as well as (2) using CO2 or carbon nanotubes via yetto-be-developed technologies (DOE 2013). Additionally, chicken feathers have been investigated as a material for CF production by researchers at the University of Delaware. They developed chicken feather fibers with low modulus and low/medium strength; they have goals to increase these parameters, but their research in this area has been limited in recent years (Miller and Wool 2006; Miller and Wool 2007; Zhan and Wool 2011) .
Technology Readiness and Research Status
At this time, no biomass-based CF has been developed with the necessary structural properties to be utilized in the major CF applications (e.g., aerospace, wind, and automotive). As illustrated in Figure 4 , the CF materials from the two biogenic precursors in use (rayon) and in study (lignin) do not meet the mechanical properties required for structural applications; however, they are suitable for non-structural or functional applications (e.g., energy storage, filtration, and thermal management) with a very small share of the overall CF market. Research and testing is being funded to improve the properties of lignin-based CF and to demonstrate the technical and economic feasibility of CF from lignocellulosic sugars. Research on CF from rayon is limited at this time, led predominately by the U.S. Department of Defense. Research on CF from glycerol has also been limited, led primarily by universities in Europe. Additional technoeconomic analyses can identify the market viability of these biogenic CF pathways. Most technologies discussed above (except CF production from rayon) are at relatively low technology readiness levels as they have only been demonstrated at the bench or pilot scale in a laboratory environment. Significant investments in scale-up evaluation, testing, and equipment development would likely be required to transition any of these technologies from their current state to a commercial facility. Scale-up and manufacturing consistency can be particularly challenging for biomass technologies because of the heterogeneity of feedstocks, which could add significant complexity to CF manufacturing steps such as melt spinning or stabilization.
Supply Chain and Competitiveness Considerations
While changing the raw material for CF to a biomass source is potentially desirable from sustainability and cost perspectives, doing so would have implications that need to be considered for manufacturing, feedstock supply, and end products, including material certification, product warranties, competitiveness of products, raw material, and plant location.
Certification and Warranties
Structural applications of CF dominate the market in many key industries such as aerospace and wind. These industries typically have very stringent material requirements. If bio-derived ACN could be made that is chemically and physically identical to existing ACN sources, the current process for producing PAN and CF could be utilized. If the CF end product were identical in terms of material properties, it has the potential to compete and gain acceptance in the market after demonstrating that it met existing standards and tests such as those from the American Society of Mechanical Engineers and the American Society for Testing and Materials Standards. If end-product manufacturers and end-users would accept this biomass-derived CF as identical to previous products, it could be integrated into the supply chain with minimal difficulty after sufficient testing and demonstration.
However, if new and different certification processes were required for end products, this could be a significant barrier to adoption. The data and tests required for aerospace material qualification often require millions of dollars and multiple years (Brice 2011) . These qualification requirements make adoption of new materials both time-consuming and expensive. For example, in a recent lecture, a Purdue University researcher stated, "It costs $100 million per material to qualify composites to fly on a new airframe. Once certified, materials changes are economically impossible" (Vanderbilt 2015, paragraph 7). Therefore, adoption of biomass-based CF into the aerospace market is unlikely in the near term, as significant time and effort would need to be spent recertifying components. 4 The time and effort would greatly outweigh the potential benefits of slightly less expensive new fiber. New designs could consider biomass-based CF, but adoption would likely be very limited until its mechanical properties and long-term performance were well established and the risk of any change had been reduced. Other industries with less stringent material certification requirements such as sporting goods or automobiles would likely be better early adopters of biomass-based CF than the aerospace industry.
Another related issue is with warranties from products made from CF, as a number of existing products made from CF such as automobiles and bicycles carry warranties. Companies offer these warranties because their customers demand them or they provide a business advantage. Any company with a strong warranty, such as BMW, which provides a 4-year warranty on CF interior components, would need to be convinced of the long-term performance characteristics of biomass-based CF.
Advantages of Increased Sustainability
Utilizing CF from biomass may present a competitiveness advantage in some industries. For example, many existing sporting good products use CF to reduce weight and increase strength. A number of these manufacturers also highlight the sustainable attributes of the products they make. Some snowboards are marketed as containing sustainably harvested and certified wood cores with minimized environmental impacts. Many snowboards also contain CF for improved performance. For some companies, the ability to market sustainable CF made from biomass (not fossil sources) could have a favorable competitive advantage and be a differentiator, thus potentially making CF worth the risk contained in switching materials.
A number of retailers and manufacturers are trying to lower the environmental impact of the products they make or sell. For example, many retailers put pressure on their suppliers to lower their environmental footprint and their prices. If CF from biomass could provide a cost reduction and environmental benefit for a product such as a tennis racket, switching materials could likely be encouraged. In addition, many manufacturers, especially in Europe, are under increased pressure to reduce the footprint of the products they make; using a low-impact material such as biomass-based CF could be promoted by sustainability personnel, activists, or shareholders.
Recyclability
Several ongoing research projects have identified recyclability of CF at the end of its useful life as a known issue, but few current viable solutions have been presented. Starting in 2015, the European Union end-of-life vehicle (ELV) directive 5 requires that 85% of the materials used in each car by weight must be recyclable (Gardiner 2014) . Metals and other automotive plastics are recyclable; however, generally, CF is not recyclable at present. If CF is to become a significant automotive component in Europe, it needs to be recyclable. The aerospace industry in Europe faces similar issues, and Airbus has set a target to recycle 95% of its CF-reinforced plastic by 2020-2025 (Lyons 2014) . If biomass-based CF featured an improved path to recyclability, it could have a considerable supply chain advantage and may see increased adoption. However, if biomass-based CF was chemically identical to petroleum-based CF then it would face the same recycling challenges and likely not offer an advantage in this area. Recyclability of biomass-based CF has yet to be studied extensively and this is an area that requires further research to better understand the path and potential for recycling.
Plant Siting and Feedstock Logistics
CF manufacturing plants have been sited based on several factors such as proximity to customers or low-cost energy. Most of these existing facilities are located near biomass sources, which may present an opportunity for integrating these alternative sources into the CF manufacturing process ( Figure 5 ). With only one or two exceptions, the CF manufacturing plants are in very close proximity not only to solid biomass resources (e.g., crop residues, forest residues, or both) but also to pulp and paper mills, which serve as a proxy for lignin production. The logistics of packaging and shipping these raw materials must be properly accounted for and considered in the economic analysis of biomass-based CF. Precursors, namely PAN or ACN, are already shipped to the majority of CF manufacturing locations in the United States, often from other countries, so these facilities are currently importing material for manufacturing CF and could presumably switch to importing biomass or biomass derived precursors such as ACN or PAN. Typically, the costs of shipping the precursor to the manufacturing site are built into the precursor cost estimate as shown in the simplified CF manufacturing cost breakdown in Figure  2 . Reducing these shipping costs by utilizing a local biomass feedstock could present a small competitive advantage. A study looking at manufacturing of CF in Iceland estimates precursor shipping costs from Europe or the United States at about $0.19/lb or about 2% of total manufacturing costs (Omnia 2012) . As another example, the Mitsubishi Rayon CF Manufacturing Facility in Sacramento CA does not produce its precursor on site but imports it from Japan (Das et al. 2016) . A local biomass feedstock for producing precursor has the potential to then save roughly $0.27/lb of CF for this facility or about 3% of production costs. 6
Shipping costs are of course highly dependent on the mode of transportation, and ocean container shipping, which is one of the most economical methods, was used predominantly in this estimate. Trucking costs in the United States were approximately $1.70 per mile for a shipping container in 2015 (Torrey and Murray 2015) . Shipment of precursor from Hexcel or Toray facilities in Decatur, Alabama to California by truck would cost about the same amount as ocean container shipping from Asia to California.
Transportation of a local biomass source to a CF manufacturing facility also has a cost. For example, an average transportation cost for corn stover is about $12.40 per dry ton within a 50-mile radius. 7 This would equate to a total shipping cost of about $0.01/lb of CF from this facility or about a $0.26/lb savings.
Some biomass resources (e.g. lignocellulosic biomass such as crop residues) have costs associated with purchasing them up to $100/dry ton and in some cases more (DOE 2016) . Even at the high end of costs this is only a few cents per pound compared with the current cost of ACN which is approximately a dollar per pound.
The decision on where to locate a manufacturing facility for biomass-based CF will depend on project specifics such as biomass feedstock availability and cost, existing company plant locations, energy costs, and other considerations. Capital costs for a new CF manufacturing facility are very high. For example, Toray is investing approximately $1 billion USD to build a new facility in South Carolina that will create 500 new jobs and produce 2,000 metric tons per year of CF along with precursor and prepreg. 8
Biomass Feedstock Competition
The biomass resources that could be used to produce CF have other current or potential uses and applications. For lignocellulosic material, those include the production of power/heat, transportation fuels, and other chemicals. As mentioned earlier, glycerol is currently used predominantly in personal care and pharmaceuticals but food and beverage is expected to be the fastest growing application segment between now and 2020, owing to improving lifestyle in emerging economies leading to increased consumption of processed and packed foods (Grand View Research 2014) . There is ongoing research on the production of other value-added materials from lignin such as aromatic chemicals, plastics, and liquid fuels.
A key consideration for the long-term viability of the industry will be the ability to secure a supply of raw material at an acceptable price. Competition from other industries for the biomass adds potential feedstock supply risk. For example, a report from the Pacific Northwest National Laboratory lists CF as just one of 43 potential products derived from lignin (Holladay 2007) . CF is a high-value product, and it would likely compete favorably for lignin with many of the other products that are commodities; however, competition could increase prices, which could potentially reduce cost savings from biomass-based CF. Typically, risk of price increases is hedged through long-term supply contracts in the biomass industry. CF manufacturers could pursue a similar strategy to lock in a raw material supply at a set price that provides revenue certainty for the supplier and manufacturing cost risk mitigation for the CF company.
Integrated Biorefineries
Another opportunity to reduce risk and costs is for biomass-based CF manufacturing to become part of a broader biorefinery or integrated manufacturing facility. Integrated biorefineries are already a reality in the United States. Figure 6 illustrates the biorefinery projects co-funded by the U.S. Department of Energy's Bioenergy Technologies Office at pilot, demonstration, and pioneer scales, and, as a reference, the existing CF manufacturing plants. Integrated biorefineries use a wide range of biomass resources and conversion technologies to produce biofuels, commodity chemicals, and biopower. They are similar to conventional refineries in that they produce a range of products to optimize production economics and the use of feedstocks (DOE 2014b) . Federal support for these first-of-a-kind integrated biorefineries is necessary to validate their performance and significantly reduce the technical and financial risks associated with new technology deployment (DOE 2014b). 
Conclusions
• Lignin-based CF is currently in the research and development (R&D) phase. Based on current experimental efforts, the modulus and strength of lignin-based CF are too low to meet structural applications requirements, and thus, current research is focused on non-structural applications such as insulation.
• Glycerol is inexpensive and widely available, but the production of acrylonitrile (ACN) via direct ammoxidation from this resource has been found to be uneconomical at this time; it is about 67% more expensive than propane-based ammoxidation. Other conversion pathways have been investigated, but their cost effectiveness is yet to be determined.
• CF from lignocellulosic sugars is targeting functionally equivalent material to PAN-based CF. This pathway, currently in the R&D phase, offers a "drop-in" bio-ACN; thus, it may be more readily commercialized than direct conversion of lignin to CF, which requires the development of new manufacturing operations and hence, a longer commercialization process. However, the development of CF from lignocellulosic sugars faces competition for resources from other industries such as power generation and transportation fuels production.
• In addition to techno-economic viability, biomass-based CF-while potentially desirable from sustainability and cost perspectives-will have many implications and hurdles that need to be considered for manufacturing, feedstock supply, and end products, including material certification, product warranties, competitiveness of products, raw materials, and plant locations.
Our findings are also summarized in Table 3 . which uses contaminating inorganic chemicals, the lignin recovered through precipitation by hydrotropic pulping is relatively pure and is suitable for conversion to other chemical products (U.S. Congress 1989) . Recent experiments show that hydrotropic lignin is similar to Organosolv lignin, which is of high quality . However, the hydrotropic process is unsuitable for softwood (e.g., pine, fir, and spruce), which is the primary reason it has received limited attention from the industry (U.S. Congress 1989) . Increasing demand for bio-based products may bring this option back into consideration, especially given recent efforts in growing woody crops (e.g., hardwood species such as poplar and willow) for energy. Also, efforts continue in this area and research on the use of ionic liquids (a new class of powerful catanionic hydrotropes) has proven successful for hardwood and softwood species as well as non-woody biomass such as sugarcane bagasse (Tan et al. 2009; Cláudio et al. 2015; Muhammad et al. 2012; Mäki-Arvela 2010) .
Manufacture of Lignin Fibers
The manufacturing cost and the final morphology and properties of lignin-based CF depend not only on the precursor chemistry and extraction technique but also on the fiber processing methodology (Rosas et al. 2014) . Spinning is the manufacturing process for creating polymer fibers. Various spinning methods have been explored for lignin, namely wet-, dry-, melt-, and electrospinning.
Lignin-based CF by dry-and wet-spinning (both methods require soluble lignins) were extensively researched in the 1970s, but the process almost ceased in the 1980s (Rosas et al. 2014) . Lignin-based CF via melt-spinning (in which lignin is pelletized and the pellets are melted, extruded, and then solidified by cooling) has been most studied during the last two decades because of its economic advantages over other methods (e.g., no solvents are needed). There are some challenges associated with melt-spinning of lignin that are still being researched. For example, while hardwood lignin melt spins well, it stabilizes slowly and while softwood lignin stabilizes well, it does not readily melt spin (Downing 2013) . Also, high-purity lignin is needed for melt-spinning. Electrospinning (in which polymer solution is injected in an electrical field to produce nano-to micro-diameter fibers) has emerged in recent years as a promising method for preparing novel lignin-based fibrous materials (Poursorkhabi et al. 2014; Rosas et al. 2014 ).
